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Abstract 

Several types of carbonaceous matuialr from Superior Graphite Co. were investigated for 
lithium ion intermlation Thew commercially available cokes, graphitized cokes and 
graphites have a wide range of physical and chemical properties. The coke materials were 
investigated in propylene carbonate based electrolytes and the graphitic materials were 
studied in ethylene carbonate I dimethyl solutions to prevent extbliation. The revetg'ble 
capacities of disordered cokes arc below 230 mAh / g and those for many highly o d d  
synthetic (artiScial) and natural graphites approached 372 mAh / g (LiCs). The imvasible 
capacity losses m y  between 15 to as much as 200 % of reversible capacities for various 
types of carbon. Heat treated cokes with the average particle size of 10 microns showed 
marked improvements in nvmible capacity for tithium intercalation The electrochunical 
characteristics arc correlated with data obtained h m  scanning electron micrompy 
(SEM), high resolution transmission electron microscopy 0, X - ray difhction 
QCRD) and BET 8wfkc.e area analysis. The electrochemical performance, availability, cost 
and manufacturability of these commercial carbons will be discussed. 

INTRODUCTION 
w 

The carbonaceous materials (both graphite and coke) that will be disarssed were supplied 
by Superior Graphite Co., a leading producer of quaIity graphite, carbon and related 
materials for 80 years. Currently producing graphite related ptoducts at three different 
plants, Superior Graphite Co. has been able to be a leader in the graphite industry by 
expanding their opaations fiom graphite mining to graphite p d g  and finally to the 
development of e n g i n d  graphitic materials. Utilidng Superior Graphite &.'a unique 
high temperature fiunaces (at the Hopkinsville KY and Russelville, Ark ph t s )  and 
advanced process technologies with raw material supplies (at the Chicago plant), several 
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different types of carbon wen examined and proccsd under.8 variety of conditions. 
Working in conjunction with Lawrence Berkeley National Lsboratory and Lawrence 
Livumora National Laboratory, this study focused on how diffennt carbon based 
mataiala, by varying procuaing steps, could produce low cost materials suitable for 
application in lithium,- ion d s .  

EXPERIMENTAL 

The cokes and pphites used in this study have becn divided into two classca (graphitized 
and non graphitizsd) based on the highest heat treatment temperature to which the carbon 
was exposed to. This distinction was made because different electrolytes were used to 
cva!w!e these two dasw of materials to minimize the irrevasible capacity loss. Briefly, 
the non graphitized carbons wen tested in propyhe carbonate based dcctrolytes with 0.5 
M lithium trifluoromethandonimide. The graphitized carbons wen studied in 0.5 M 
(SO/SO) ethylene carbonate / dimethyl carbonate. 

The powdered materials of known size wen used received" directly in the electrode 
fabrication procedure using carbon based binder (1). The larger, more granular &OXIS 

werc first ground in a mortar and pestle, then sieved to 30 - 40 microns. 

Briefly, the electrodes wen? prepared using a commercial carbon fiber ah- as the support 
matrix and carbonid phenolic resin binder (10-15%). A slurry containing the carbon 
particles the phenolic resin preaYsor and Wiuyl alcohol was spread on the carbon fiber 
support and dowed to dry. The composites were pyrolized in NZ at lO5d C. cycling 
expuimcntsforeachcarbonelectrodewerecanied out in a 15 mlthraelectrode 
cylindrical d. Lithim foils wenwed as the counter and refuence electrodes. whatman 
fiberglass filters were used as the separator between the working and counter electrodes. 
The d s  were constructed and tested at 16 +/- 2' C in a dry argon atmosphere glove box 
(<IO ppm water). The electrode WBS charged ( i i t d a t d )  at a constant rate 
comsponding to 1 mole of lithium per 6 moles of carbon in 24 hours (ca U24 rate) to a 
art off voltage of 0.OOSV &*/hi and held at this potential for 4 hours. It wad then 
dischargad (dcintercalatd) at the same rate to insure complete lithium intercalation / 
ddntacalatioa Electrochemical studies wen performed using a 64 channel Maccor 
battery tester. 

I 

Vt$ous equipmen; High Resolution Transmission Electron Microscopy (HRTEM) X - 
my Diffnction (XRD), Scanning Electron Microscope (SEM), BET Surface Area machine 
and Lasa Particle analyzen were used to study and characterize these carbonaceous 
materials. 
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RESULTS AND DISCUSSION 

Table 1 lists materials used in this study. This information was obtSined fiom spdcat ion 
sheets or measured in our laboratories. 

COKES 

This group of carbons consisted of two grades of dcined p d d a r m  cokes that vary in 
sulfirr content. The two cokes tested, SGC Coke # 1 (< 1 % sulfur) and SGC Coke #3 (< 
3% sum) in general ahowed diffhnt results. The curyts for thew non graphitic materials 
have a sloping shape with varying lithium capacity, typical for amorphous carbons. The 
low sdhr coke (SGC Coke #I) have x -values near 0.70 with an irrevcnible capacity 
around 83 mAh / g. This perfonnsnce data is comparable to other cokes that have been 
tested in the laboratory. High sul& cokes tend to have lower capacities (x a p p m  0.51) 
and larger irreversible capacities (I 10 mA / g). The capacity of SGC Coke #I was stable 
for more than 20 cycles whereas the capacity of SGC Coke #3 decruues signi6cantly after 
4 cycles. The higher sulfur content of SGC Coke #3 may affect its performance. 

Note : further studies are underway to determine which physical and microstructure 
properties of calcined petrolarm cokes are important for lithium battuy usage. These 
studies include, but arc not limited to, different heat treatment tempcmtum, grinding 
techniques @fore and after heat treatment), tighter particle distributions and d c e  
characteristics. 

GRAPHITIZED COKES 

The graphitid petroleum cokes discussed in this d o n  arc derived ftom Superior 
Graphite Co. patented t h d  purification process based in Hopkirwville, KY. This 
continuous thumal purification process converts calcined petroleum cokes to a purified / 
partially graphitized product (DESULCO). The temperatures reached during this process, 
near 2700' C, eliminate sutfiv and other volatile components h m  the calcined petroleum 
cokes. DESULCO C&OM (SGC 9035) have capacities near 230 mAh / g (x = 0.60). 
They exhibit graphite like potential curves albeit at lower capacities than those of more 

Note : as with the cokes, hrther studies are underway to determine what physical and 
microstructure properties of DESULCO are important for lithium battery usage. 

crystalline graphites (LiC). 

GRAPHITE 

Through the same patented t h d  purification process used to produce DESULCO, it is 
possible to take an impure (high ash content) natural graphite and thermally upgrade the 
carbon value to levels of 99.9 +% pure LO1 (ash content less than 0.1 %). Once these 
impurities have been thermally moved, the resulting graphite can be a candidate for 
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lithium battay wage. Thew thamslly purified graphites can be highly lqstdine materials 

s r a p h i t e u r d t h e t h ~ p u r i f i e d ~ ~ e n i n g r a p h i t e .  Thethcrmdypurified 

that vary in miwstructure and morphology, depending on the mum. Two of graphites 
that will be dixrused in this section arc the thundly purified natural ayshllina flake 

natural cryrtallins flake graphite is highly anisotropic in nature. The graphite morphology 
ruunbles flat platelets (flat lamellae) with well defined basal planes. The t h d y  
purified natural aystdine vein graphite is more microcrystalline in nature i.e. smaller 
austau;es). The graphite morphology is more needle / grain like in shape. 

which comspond to the x values betwem 0.85 - 0.95 (Table 1). Thumdy purified 
natural flake graphite (SGC 2933 & SGC BG 39) tend to haw a considerably lowet 
capacity than the LiG composition An types of thermally purified natural graphites 
tested m this mdy arhibited the graphite like potential cuma @e., deintcrcalation / 
interahtion takes place at potentials below 0.3 V). However, there are distinct 

p l a t a u ~  below 0.3 V that could be identified with the formation of staged phases. For the 
vein graphites, the CUNC appears smooth in this region with no apparent plateaus 
(probably attriied to the mirocrystalline nature of the vein graphites). 

Note : further studies are underway to determine which characteristics of the t h d y  
purified natural graphites affect lithium battery performance. These &We studies on the 
thcmdly purified natural graphites do include, but are not limited to, the lowering of 
Jurfacc area (below 3.0 q.m/g.) and the ClaSsifLing of the p d c l e  size to optimize 
pafbrmance. Also, another sourcc (thermally purified Amorphous graphite) is under 
investigation. 

The reYerSib1~ capscities Observed with th- mtaials IVC about 320 - 360 mAh / g, 

m- baween the promu of the flake and vdn materials. Flake graphitcd showed 

AVAILABILITY AM) COST 

One of the goals of this project was to identify suitable carbon /graphite materials that are 
hacpmSiVe and commercially available in large quantities. The materials covered in this 
report are commercially available in large quantities. Superior Graphite CO., an IS0 9001 
ccrtif~ed company, has the technology and capability to custom process these materials, 
and guarantee their Sovrcing for consistent products. In general, the cost of the thermally 
purified ~nphites covered in this report is below S5.00 / Ib, with the cokes priced 
s i ~ ~ l o w a .  

SUMMARY 

The d t s  show the performance of Superior Graphite CO. carbonacun~s materials for 
lithium ion intercalation. The material shows a wide range of paformanc~ characteristics. 
The electrochemical behavior is related to their physical and s t r u m  properties. Many 
types of carbon appear suitable for application in lithium - ion cells. Work is currently 
underway to produce and test lower surface area thermally purified natural graphite which 
haw a more controlled particle distriition for lithium battery usage. 

TABLE 1. 

Sample 

coke #1 

coke #3 

SUPERIOR GRAPHITE CO. 

GRAPHLTIZED AND NON GRAP- CARBONS 

PROPERTIES AND PERFORMANCE. 

Cdcined Pet. Coke 
(low nrliur 1 %) 

Cdcined Pet. Coke 
(NVut>2%) 

SGC9035 D E S a O  
(pap. Pa Cola 2700 degc) 

SGC 2933 Purified Flake 
(natwl PnPhk 1 

SGC BG39 Battuy Grade 
@urificd natunl nakc graphite 

SGC 4941A Purified Vein 7-10 
(4 graphite ) 

Partsize 
(microns) 

30 - 40 

30 - 40 

20 - 30 

30-40. 

10 - 20 

x in 
(Lis2 

0.70 

0.51 

0.59 

0.86 

0.87 

0.98 

Irr. cap 
( d h r  I s) 

83 

110 

129 

76 

98 

130 
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ELECTROCHEMICAL PROPEItTIES OF NITROGEN-SUBSTITUTED 
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ABSTRACT 

The C.N samples(Cl4N-Cs2N) prepared with a nickel catalyst had the higher crystdhity 
and less pyridine-type nitrogens existing at the edge of graphene layers than C,N prepared 
in the absence of a catalyst. With increase in the deposition temperature of C.N, the cy- 
cleability for electrochemical intercalation-deintercalation of lithium ions was improved and 
the profile of the charge-discharge curve approached that of graphite due to increase in the 
crystallinity and decrease in the incorporated nitrogens. C,N-coated graphites demonstrated 
gradual incresae in the potential at the last stage of lithium ion ddntercalation process. 

The dfcct of fluomester-mixing in 1 M LiClOd-EC/DEC WM also investigated at a low 
temperature. It wan found that CHF2COOCH3 with a low molecular weight and a small 
number of fluorine atoms was dfective M a mixing agent. 

INTRODUCTION 

Recently boron- and/or nitrogen-substituted carbons, BC.N, BC. and C,N were syntho 
sized by chemical vapor deposition (CVD), and their electrochemical behavior as negative 
electrodes of lithium secondary batteries were investigated (1-41. These compounds would 
consitute a new class of candidates for negative electrodes with modified electronic structures, 
having different chemical interaction with lithium ions. Well crystdeed C,N filaments and 
particles have been synthesized by CVD of acetonitrile or pyridine using a nickel or cobalt 
catalyst [5]. In this paper, we report the electrochemical behavior of these C,N compounds 
in 1 M LiC104-EC/DEC. In addition, we have examined the effect of fluoroester-&ng into 
1 M LiC10,-EC/DEC at a low temperature. The result is also reported. 

EXPERIMENT 

The C,N samples were synthesized by thermal decomposition of acetonitrile at 800- 
1100@ using a nickel catalyst. Flow rate of a mixture of acetonitrile and nitrogen was 55 
mlmin-' (partial pressure of acetonitrile:9.2x103 Pa). C,N coating WM performed in a sim- 
ilar manner at 950°C uaing natural graphite powder(*7pm) oxidized by 94% HN03. The 
obtained samples were analyzed by elemental analysis, X-ray diffractometry, SEM, TEM, 
X P S  and Rsman spectroscopy. 

Electrochemicd intercalation and deintercalation of lithium ion into and from C.N sam- 
ples were performed in 1 M LiClO,-EC/DEC at a current density of 30 or 60 mAg-' at 25@. 
Counter and reference electrodes were metallic lithium. The effect of fluoroester-mixing was 
examined at 25°C and 0°C by adding a reagent grade fluoroester (2.5ml) : CHF2COOCH3 1, 

6 ,  F(CF&COOCHS 6 or F(CF2)tCOOCHpCH3 7, to 1 M LiCIO4-EC/DEC (50ml). Cyclic 
voltammetry at 0.1 mVsec-' and charge-discharge cycling at 80mAg-' were conducted for 
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CFJCF~COOCH~CHJ 2, (CF3) 2CHCOOCH3 3, F(CF,)sCOOCH3 4, H(CF2)dCOOCHpCHs 
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